Iron nanoparticles in amorphous hydrogenated carbon films (FeNPs@a-C:H) were prepared with RF-sputtering and RFPECVD methods by acetylene gas and Fe target. In this paper, deposition and sputtering process were carried out under influence of different initial pressure gas. The morphology and roughness of surface of samples were studied by AFM technique and also TEM images show the exact size of FeNPs and encapsulated FeNPs@a-C:H. The localized surface plasmon resonance peak (LSPR) of FeNPs was studied using UV-vis absorption spectrum. The results show that the intensity and position of LSPR peak are increased by increasing initial pressure. Also, direct energy gap of samples obtained by Tauc law is decreased with respect to increasing initial pressure.
Introduction
In recent years, researchers showed more attention to nanomaterials because of wide variety of investigations and applications which can be considered for them [1] [2] [3] [4] . Besides, nanoparticles or nanocrystals as a part of nanocomposite have been appeared in many studies to identify new aspects of their properties as new combination [5, 6] .
Diamond like carbon (DLC) coating because of its special properties is one of the interesting subjects nowadays [7] [8] [9] [10] , while the first one was fabricated by Aisenberg and Chabot 50 years ago [11] . Some of the properties are low friction factor, high abrasion resistance, optical transparency, high hardness factor, heat stability, chemical neutral and biocompatibility [11, 12] . High compressive stress of these carbon coatings makes a weak adhesion between layer and substrate; adding metal NPs to thin films of DLC (Me-DLC) not only decreases the internal tension of carbon thin films but also increases some properties such as electric and magnetic properties [13] .
Different methods like ion beam-assisted deposition (IBAD) and pulsed-laser deposition (PLD) have been applied to fabrication of Me-DLCs [13] [14] [15] .
In the present work, for the first time, we simultaneously used radio frequency (RF) sputtering and RF plasma enhanced chemical vapor deposition (RF-PECVD) techniques to reach large amounts of iron nanoparticles in amorphous hydrogenated carbon films (FeNPs@a-C:H) [16] [17] [18] [19] . Change in basic quantities such as initial pressure encouraged us to investigate this factor on properties of FeNPs@a-C:H. Size distribution and roughness of FeNPs were studied using AFM and TEM images. Also, investigation on localized surface plasmon resonance (LSPR) shows an interesting comparison between two groups of studied samples in this work.
Experimental details
Iron nanoparticles were prepared in amorphous hydrogenated carbon films by co-deposition of RF-sputtering and RF-PECVD methods. In this method, the reactor is including two different electrodes which one is smaller than other. Iron plate is smaller which was applied as powered electrode and larger one was grounded via the chamber's body.
All experiments were done at room temperature on quartz substrate and RF plasma system was activated by acetylene gas. The details of method can be seen in our pervious paper [10] . Two electrodes and RF power create plasma. The different areas of electrodes can produce a bias voltage (V b ) on the smaller electrode. This bias voltage is proportional to pressure (P) and power supplied (W):
On the other hand, the V b is directly related to the energy of the ions for sputtering according to the following relation:
where E i and k are ion energy and constant, respectively.
To study the effect of different pressures in prepared samples, they were divided into two groups based on deposition pressure. The particle size distribution and surface roughness of samples were all obtained by atomic force microscope (AFM) images in non-contact mode using a Nanoscope Multimode (Digital Instruments, Santa Barbara, CA), with a scan speed of 10-20 μm/s. The exact size of the NPs and their shape in amorphous carbon film were observed by TEM images.
The LSPR peaks as optical properties of samples were detected using a UV-vis spectrometer in the 200-850 nm wavelength range.
Results
The properties of samples depend on the growth process of thin films. The pressure-time diagrams were plotted to study the growth process. Figure 1 shows the treatment of pressure versus time deposition which results in a critical pressure about 20 μbar and leads to classify into two groups of samples. Group 1 and group 2 have pressures less and greater than 20 μbar, respectively. The details of prepared samples are given in Table 1 .
The variations of pressure inside the sputtering chamber were measured from initial moments of applying RF power.
The insert diagram of Fig. 1 represents the behavior of two groups in the early minutes of deposition. Figure 1 shows the positive slope for samples 1 and 2 in group 1 at the first minutes. In this group, the free path length of hydrocarbon ions is high. Also, at low pressures, the bias voltage and the energy of ions are higher according to Eqs. (1) and (2) . The sputtering process would be beginning with applied RF power, then the chamber's pressure increases to reach a maximum value of the mean free path length of the hydrocarbon ions and finally sputtering is stopped. At this moment, the hydrocarbon layers and
FeNPs were deposited simultaneously; therefore, the pressure of chamber is decreased.
According to Fig. 1 , the pressure-time graph of group 2 was separated into two regions A and B that they had negative and positive slopes, respectively. In the first 10 min, the pressure-time curve reduced with a large slope to a critical pressure between 14 and 20 μbar, the A region. The rate of deposition of carbon films is more than acetylene gas following into chamber, as the pressure of chamber decreased.
In this case, the mean free path length of ion hydrocarbons is increased. So, required energy for sputtering of target is provided. When sputtering from the Fe target started, the chamber pressure increased, but with a less slope than part A. The lower slope is due to the sputtering and deposition of FeNPs and hydrocarbons thin layers simultaneously. The deposited film on substrates has uniform thickness because of uniform plasma between two electrodes in the chamber.
To investigate the optical properties and prevent the rapid oxidation of FeNPs, some of the samples were deposited with carbon films. This deposition was carried out at a low power (80 W) during 10 min, according to Table 1 . By AFM images, we investigate the effect of primary pressure for two examples of groups 1 and 2. Figure 2 shows the AFM images and topographies of samples 2 and 3 with 33 and 20 μbar initial pressures, respectively.
As is seen, the size of NPs is larger and the uniformity of their distribution is decreased with increasing initial pressure. Also, the surface roughness is increased (1.99 and 2.61 nm for samples 2 and 3, respectively).
The AFM images of each group were compared for more accurate studies on the effect of initial pressure on the NPs size and surface roughness. Figure 3 shows the AFM images of group 2 for samples 4, 5, 6 and 7 with initial pressure 25.0, 30.0, 33.0 and 35.0 μbar, respectively. As it can be seen, the size of NPs is larger and surface roughness is increased, with increasing initial pressure. The surface roughness of samples 4, 5, 6 and 7 is 0.28, 0.31, 0.54 and 0.75 nm, respectively.
The deposition process shows an increase in the size of NPs by increasing initial pressure.
The mean free path of ions and consequently the energy of particles inside the chamber decreased when the pressure was increased. So the particles reach the substrate with less velocity and longer deposition time. In this case, FeNPs tend to accumulate on previous deposited ones. Thus, the size of formed NPs on substrate is larger and the surface roughness increased consequently. Figure 4 shows the AFM images and size distribution of group 1, i.e., samples with pressure less than 20 μbar. In comparison, sample 1 with a lower initial pressure (17.5 bar) than sample 2 (20.0 bar) has uniform distribution size and smaller size of FeNPs.
In this method, carbon layers and NPs were deposited simultaneously, so the exact size of particles cannot obtain with the AFM images. On the other hand, this method has the advantage of stabilizing NPs by carbon layers, which prevents the agglomerated of the NPs.
We used TEM images to determine the exact size of NPs. Figure 5 shows TEM images with different scales and different points of sample 5. It is seen that FeNPs are spherical and well dispersed through carbon films. Figure 5h exhibits that average abundance of NPs size is 25 nm for Fig. 5a . The gray background in Fig. 5 is the carbon films. As a result, the deposition of carbon films and NPs simultaneously is an appropriate method for synthesis of FeNPs separately.
The optical properties of metal NPs are one of the unique properties which are different from the metal bulk completely. One of these optical properties is localized surface plasmon resonance (LSPR). LSPR depends on the type of material, size and shape of NPs and also environment dielectric function [20] . To obtain the FeNPs' LSPR, we used an UV-vis spectrometer in the range of 200-850 nm. 
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The spectrometer consists of two optical sources, one halogen-tungsten lamp and another deuterium lamp, which are in the visible and ultraviolet regions of electromagnetic spectrum, respectively.
The plasmonic peak of FeNPs is sharp compared to other elements (such as Cu, Au, Ag or Ni) [21] . Also, FeNPs have very high absorption of UV wavelengths; it means that these samples can be used as UV absorber windows.
The absorption spectra of samples of group 2 are shown in Fig. 6 and their LSPR peak data are given in Table 2 . It is observed that the height, width and position of plasmonic peak increase with increasing initial pressure. On the other hand, the results of AFM images show that the size of particles is large and size distribution of them would be wider by increasing initial pressure. Therefore, plasmonic peak tends to larger wavelengths as red shift with increasing particle size. In fact, oscillation amplitude of electrons is greater when size of NPs becomes larger and their energy decreases. Therefore, position of LSPR peak occurs at larger wavelengths. Besides, by increasing the particle size distribution, plateau peak would be also wider since LSPR peak is a matrix of all LSPRs of NPs with different sizes. Hence, the sharp peak in plasmonic spectrum represents uniformity of NPs size.
The direct energy gap of samples obtained by UV-vis spectrum and Tauc law is calculated according to the following equation:
where h is the photon energy, E g is the optical energy gap and A is the constant.
The results of these calculations are summarized in Table 2 . The E g decreased with increasing initial pressure. Considering AFM images, the size of NPs increased by increasing initial pressure; thus, energy gap reduced; this result is fully consistent with ones of Tauc law. 
Conclusion
FeNPs@a-C:H was fabricated using Fe target, acetylene gas, RF-sputtering and RFPECVD methods simultaneously. Pressure-time diagram introduces a critical pressure around 20 µbar which shows sputtering and NPs growth. Among lots of parameters like distance between electrodes, initial pressure of carrier gas, temperature and time of deposition, RF power, etc., that have an effect on the final properties of samples, the variations of initial pressure were also investigated. On the whole by increasing pressure, AFM images indicate that NPs size increases and distribution of size will be wider, also roughness increases. UV-vis spectroscopy in intensity and width of plasmonic peak increases and energy gap decreases.
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